Abstract Heat shock protein 27 (Hsp27) is over-expressed when cells are exposed to stressful conditions that include oxidative stress. Oxidative stress has been implicated in the pathogenesis of cardiovascular disease (CVD), diabetes and insulin resistance. We have investigated the concentrations of serum Hsp27 antigen and antibodies in subjects from different glycaemic categories, who either did or did not have established CVD. Serum Hsp27 antigen and antibody levels (immunoglobulins M and G (IgM and IgG)) were determined by enzyme-linked immunosorbent assays (ELISAs) in 68 individuals: 26 with normal glucose tolerance (NGT), 10 with (+) and 16 without (−) a history of CVD and 42 individuals with varying degrees of glucose intolerance (GI; 21 with and 21 without a history of CVD). Insulin sensitivity was determined in each subject using indices derived from the homeostasis model assessment of sensitivity and the insulin sensitivity index for glycaemia. Serum Hsp27 concentrations were significantly higher in GI (+CVD) subjects compared to GI (−CVD) subjects (p=0.03), NGT (−CVD) subjects (p=0.02) and NGT (+CVD) subjects (p =0.04) and were positively correlated to fasting plasma glucose for all subjects (r= 0.28, p=0.03). IgM antibody levels were significantly higher in GI (+CVD) subjects compared to NGT (−CVD) group (p=0.02) and were inversely related to fasting insulin concentrations (r=−0.27, p=0.04) and the 2-h insulin concentrations (r=−0.29, p=0.03) for all subjects. Serum IgG antibody levels were higher in GI (+CVD) group compared to GI (−CVD) group (p=0.06). In conclusion, Hsp27 and its antibody concentrations appear to relate to the presence of cardiovascular complications in patients with GI.
Introduction
Insulin resistance is characterized by an inadequate response of insulin sensitive tissues (liver, adipose tissue and skeletal muscle) to circulating insulin, resulting in an impaired handling of a glucose load. Initially insulin resistance is compensated for by increased insulin secretion allowing for the preservation of a normal glucose tolerance (Ceriello and Motz 2004; Kahn 2003) . Deterioration to impaired glucose tolerance (IGT) and impaired fasting glucose (IFG) occurs when insulin resistance increases further and/or the compensatory insulin secretory response decreases (Carnevale Schianca et al. 2003; Ceriello and Motz 2004) . These latter conditions are associated with a substantially increased risk of type 2 diabetes mellitus (Unwin et al. 2002) . The prevalence of insulin resistance is increasing globally and is a consistent feature of metabolic syndrome (Zimmet et al. 2005 ) and obesity (Kahn and Flier 2000) . Furthermore metabolic syndrome and glucose intolerance are both important risk factors for cardiovascular disease (Kannel and McGee 1979; Lakka et al. 2002; Tominaga et al. 1999) .
It has been proposed that oxidative stress is one pathogenic factor underlying the onset and progression of insulin resistance and diabetes and consequently on vascular complications (Brownlee 2005; Ceriello and Motz 2004; Evans et al. 2003) . Following exposure to one of a number of environmental stressors, that include heat and oxidative stress, cells over-express a group of highly conserved proteins known as the heat shock proteins (Hsps). Whilst many of these proteins function as molecular chaperones, facilitating the correct folding of nascent peptides and the refolding of denatured or mis-folded proteins (Georgopoulos and Welch 1993) , they may also have other vital roles. Furthermore, insulin resistance and type 2 diabetes are associated with impaired expression of heat shock proteins by insulin sensitive tissues and thus may leave them vulnerable to oxidative damage (Hooper and Hooper 2009 ). Hsp27 is a member of the small HSP family that is over-expressed when cells are exposed to oxidative stress (Mehlen et al. 1995) . Potential mechanisms by which Hsp27 may enable cells to adapt to exposure to oxidative stress include the upregulation of glucose-6-phosphate dehydrogenase and glutathione peroxidase and by decreasing intracellular levels of iron (Preville et al. 1999; Arrigo et al. 2005) .
In vitro studies have shown that Hsps are released from cells exposed to stress (Child et al. 1995; Liao et al. 2000) , which would explain their presence in serum in vivo and why they may stimulate an autoimmune response (Xu 2002) . Studies have reported that antibody titres to some Hsps, such as Hsp60, are related to circulating antigen concentrations (Xu et al. 2000) and that there are elevated concentrations of autoantibodies to Hsps in patients with atherosclerosis (Xu et al. 1993) , and furthermore, elevated concentrations of serum Hsp60 are associated with higher risk of coronary heart disease (Zhang et al. 2008) .
It has been proposed that oxidative stress associated with hyperglycaemia may be involved in the vascular complications of type 1 diabetes (Evans et al. 2003) , and in a recent study, Hsp27 antigen concentrations were found to be independently associated with the presence of distal symmetrical polyneuropathy in these patients (Gruden et al. 2008) , though Hsp27 antibody levels did not correlate with the presence of the antigens in the same group of patients (Burt et al. 2009 ).
We hypothesized that serum Hsp27 concentrations may be a marker of macrovascular complications in patients with insulin resistance and that Hsp27 antibody levels may reflect the presence of circulating antigen. The aim of this present study was to investigate the relationship between the levels of serum Hsp27 and its antibody levels [immunoglobulins M and G (IgM and IgG) ] in individuals from different glycaemic categories either with or without a concomitant history of CVD.
Materials and methods

Subjects
Subjects from different glycaemic categories were included in this study. The criteria for inclusion were age 20-65 years old and body mass index (BMI) <35 kg/m 2 ; diabetic subjects were either newly diagnosed or achieving good glycaemic control by dietary means alone. Exclusion criteria included a known history of other chronic diseases such as cancer or treatment with insulin, oral hypoglycaemic agents, thyroxine or other medication that might modify insulin sensitivity, such as steroids. A history of cardiovascular disease (CVD) was defined as the presence of established coronary artery disease, stroke or peripheral artery disease as determined from their medical notes. Glycaemic status was determined by a standard oral glucose tolerance test using WHO criteria (Alberti and Zimmet 1998) . The study population consisted of 16 subjects who had a normal glucose tolerance without CVD [NGT (−CVD)], 10 with normal glucose tolerance and CVD [NGT (+CVD)], 21 with glucose intolerance without CVD, [GI (−CVD)], and 21 with glucose intolerance and a history of CVD [GI (+CVD)]. Subjects with glucose intolerance were pooled from impaired fasting glucose, impaired glucose tolerance and type 2 diabetes.
The study was approved by the South West Surrey Local Research Ethics Committee (Guildford, UK). All patients signed a consent form prior to participation.
Blood sampling protocol
Subjects attended for a fasting blood sample after which 75 g glucose was given orally. They rested until the next blood sample 2 h later. Specimens were centrifuged promptly, and samples for routine analysis (glucose and HbA1c) were sent to the pathology laboratory. Samples for other assays were stored at −80°C until analysis.
Routine blood analyses, plasma insulin and insulin sensitivity determination Glucose was assayed by the hexokinase method using a Bayer Advia 1650 analyser, while glycated haemoglobin, HbA1c, was analysed by high-pressure liquid chromatography technique on a Biorad Variant II instrument. Plasma insulin concentrations were determined using a solid phase two-site enzyme immunoassay kit (Mercodia). The assay had a sensitivity of 7.0 pmol/l and a maximum analytical CV of 4.9%. Insulin sensitivity was assessed using indices derived from the homeostasis model assessment of sensitivity (HOMA-S), which calculates insulin sensitivity using fasting glucose (mU/l) and insulin concentrations (mmol/l) using the formula HOMA À S ¼ 1= insulin Â glucose ð Þ =22:5 ½ and the insulin sensitivity index for glycaemia (ISI-gly), which calculates the sum of fasting and 2-h insulin (insulin p ) in μU/ ml and fasting and 2-h glucose (glucose p ) in units of mg/dl using the formula ISI À gly ¼ 2= insulin p Â glucose p À Á þ Â 1. HOMA-S reflects hepatic insulin sensitivity since only fasting values are used in the calculation, while ISI-gly provides an estimate of whole-body insulin sensitivity since the 2-h component, additionally, gives information on peripheral insulin resistance (Borai et al. 2007 ).
Determination of serum Hsp27 antigen
Serum Hsp27 antigen concentrations were determined using a sandwich ELISA developed in-house. One hundred microlitres of a 2.5 μg/ml solution of monoclonal Hsp27 antibody (SPA-800, Stressgen Bioreagents) in PBS was used to coat a 96-well microtitre plate. After an overnight incubation, the plate was washed three times with 0.05% Tween-20 in PBS and then blocked with 4% goat serum for 1.5 h. Fifty microlitres of standards, 0.94, 1.875, 3.75, 7.5 and 15 ng/ml of recombinant Hsp27 (SPP-715, Stressgen Bioreagents), and 1:3 diluted samples were then added into duplicate wells. After 30 min and washing, 50 μl of 1:6,000 dilution of rabbit anti-human Hsp27 polyclonal antibody (SPA-803, Stressgen Bioreagents) was added. After 30 min incubation and three cycles of washing, 50 μl of 1:6,000 dilution of goat anti-rabbit horseradish peroxidaseconjugated antibody (A 0545, Sigma) was then added, and incubation was done for 30 min. After a final wash of four cycles, 50 μl of the substrate solution tetramethylbenzidine dihydrochloride (TMB) was added. The reaction was stopped after 20 min with 2 M HCl and the absorbance was read at 450 nm. The sensitivity of the assay was 0.94 ng/ml, and the inter-and intra-assay coefficients of variation were 3.7% and 5.8%, respectively.
Determination of serum IgM and IgG levels of Hsp27
IgG and IgM levels were determined by indirect ELISAs developed in-house. Fifty microlitres of 300 ng recombinant Hsp27 (SPP-715, Stressgen Bioreagents) in carbonate coating buffer pH9.6 was coated onto a microtitre plate and left overnight. The plate was then blocked with 200 μl of 3% bovine serum albumin in PBS at 37°C for 1.5 h at room temperature. The plate was washed three times and 50 μl of samples diluted 1:100 in blocking buffer was added and incubated for 30 min. After three wash cycles, 50 μl of antihuman IgG (A6029, Sigma) or anti-human IgM (A6907, Sigma) diluted 1:2,000 was then added for the determination of IgG and IgM, respectively, and incubation done for 1 h. After a final wash of four cycles, 50 μl of TMB substrate solution was then added and incubation was done for 15 min. Reaction was stopped with 50 μl of 2 M HCl and absorbance was read at 450 nm. The sensitivity of the assay was 0.007 absorbance units for both IgM and IgG. The within assay coefficients of variation were 4.3% for the IgM and 4.7% for the IgG assay, respectively, and the between assay coefficients of variation were 7.7% for IgM and 6.1% for IgG.
Statistical analysis
Uni-and bivariate statistical analysis was undertaken using Graphpad Prism version 5 for Windows (Graphpad Software Inc, USA), while multivariate analysis was done using SPSS software version 16 (SPSS Inc, Chicago, IL, USA). Comparison between groups for skewed data was performed using the Mann-Whitney test, and data were reported as median and inter-quartile range about the median, except for tabulated clinical and biochemical data, which uses mean and standard deviation throughout. Comparison between groups for normally distributed data was analysed using the t test, and data were reported as mean with standard deviation. Fisher's exact and the Chi-square tests were used to compare categorical variables. Spearman's rank correlation analysis was used to investigate the relationship between variables and stepwise multiple linear regression analysis used to investigate the influence of variables on Hsp27 concentration. Results were considered significant with p<0.05.
Results
Demographic and clinical characteristics of the study groups
The groups were matched for all variables except for age and fasting plasma glucose (FPG; Table 1 ). Glucose intolerance groups comprised of individuals with isolated IFG/IGT, combined IFG with IGT and type 2 diabetes mellitus. There was no significant difference in the distribution of the different categories of glucose intolerance between the -CVD and +CVD groups. For most of the clinical characteristics, there was no significant difference between the -CVD and +CVD groups for both NGT and GI subjects, except for weight and age (Table 1 ). The mean BMI for both NGT groups was in the overweight category, while the mean BMI for the glucose-intolerant groups was just above the cutoff value for overweight in the obese category (WHO 2004) .
Subjects in the control group, with neither CVD nor glucose intolerance, NGT (−CVD), differed significantly from the group which has both CVD and glucose intolerant, GI (+CVD), for weight, BMI, systolic BP, HbA1c and measures of insulin resistance (p≤0.002 for all).
Glucose, HbA1c, insulin levels and indices of insulin sensitivity There was no significant difference for mean FPG, 2-h post 75 g glucose (2hPG) and the 2-h serum insulin levels between the groups with and those without CVD (Table 1) . In contrast, the fasting plasma insulin (FPI) was significantly different between the groups with and without CVD for subjects with NGT and GI. Though the mean HbA1c values between the glucose-intolerant groups with and without CVD did not differ significantly, the mean HbA1c value for the NGT (+CVD) group was significantly higher than the NGT (−CVD) group (p=0.01) and was within the range that identifies individuals at increased risk of developing CVD (Jesudason et al. 2003) . For the glucose-intolerant groups, the mean FPI was significantly higher and the insulin sensitivity indices significantly lower for the +CVD group than the -CVD group. Among the groups, the ISI-gly insulin sensitivity index was lowest for the glucose-intolerant group with CVD and highest for the control group, NGT (−CVD).
Serum Hsp27 antigen and IgM and IgG levels
Glucose-intolerant subjects with CVD had the highest level of serum Hsp27 antigen concentrations, significantly higher than the GI (−CVD) group [3.83 (1.92-4. (Fig. 1) .
There was a trend to a lower serum Hsp27 IgM antibody concentration for both CVD groups compared to corresponding groups without CVD, though statistical significance was not attained. Statistical significance, however, was reached when comparing the GI (+CVD), with the NGT (−CVD) group [0.292 (0.109) vs 0.419 (0.181), p=0.02] (Fig. 2a) .
No obvious trend or statistical significance was found with regards to serum Hsp27 IgG antibody levels among the groups. Only borderline significance was achieved in the GI group, with GI (+CVD) subjects having higher antibody levels compared to those in the GI (−CVD) group [0.158 (0.106-0.302) vs 0.108 (0.044-0.210), p=0.06] (Fig. 2b) .
Univariate analysis
Correlation analysis was undertaken between serum Hsp27 antigen with its antibody titres (IgM and IgG) and other biochemical variables and the results reported in Table 2 . It was found that Hsp27 was positively associated with the FPG values for the groups combined (r=0.28, p=0.03). In the CVD groups, serum Hsp27 concentrations were positively correlated with the 2hPG values (r=0.42, p=0.04). For the groups combined, the IgM concentrations were inversely related to fasting insulin concentrations (r=−0.30, p=0.02) and the 2-h insulin level (r=−0.29, p=0.03). The IgM level was also associated with the insulin sensitivity indices (10) 119 (20) 132 (16) 
iv) +CVD (i) vs (ii) (i) vs (iv) (ii) vs (iv) (iii) vs (iv)
Multivariate analysis
For multivariate analysis all variables were included in the analysis. Categorical variables such as gender, presence of CVD and glucose intolerance were coded dichotomously. Using a stepwise method, for all groups combined, it was found that the association between FPG and Hsp27 concentrations remained the only significant relationship among the variables entered into the analysis (Table 3) . FPG was found to explain 8.1% of the variation in Hsp27 concentration.
Mean FPG values for NGT and GI non-CVD and +CVD groups were not significantly different, and therefore it is unlikely that FPG is a confounding factor in the comparison of means analysis between both groups. After adjusting for the FPG values, the GI (+CVD) group Hsp27 concentration remained significantly higher than that of the NGT (−CVD) group (p=0.02) and the NGT (+CVD) group (p=0.04).
Discussion
In this study we proposed that Hsp27 concentrations may also be associated with the presence of macrovascular complications in patients with insulin resistance, and we wished to investigate the relationship between the levels of serum Hsp27 and its antibody levels in individuals with different degrees of insulin resistance either with or without a concomitant history of CVD. We found that serum Hsp27 antigen concentrations were significantly higher, and Hsp27 IgM antibody titres were lower in individuals with a combination of glucose intolerance and CVD, compared to subjects with either condition separately or who had neither condition. Whilst it is possible that some individuals with glucose intolerance had subclinical cardiovascular disease, these data suggest that Hsp27 antigen concentrations are increased in individuals whose glucose intolerance is associated with an increased risk of CVD. However, it is not possible to be certain whether Hsp27 and its antibody concentrations are markers of disease or whether they are aetiological factors in atherogenesis perhaps through the formation of immune complexes or by other mechanisms as reviewed recently (Bielecka-Dabrowa et al. 2009 ).
NGT(-CVD) NGT(+CVD) GI(-CVD) GI(+CVD)
NGT ( The positive association of serum Hsp27 with FPG suggests that hyperglycaemia may be related to an increased cellular expression of Hsp27 leading to the higher serum concentration. Insulin has been shown to increase the expression of heat shock proteins or Hsp27 phosphorylation (Franklin et al. 2008; Li et al. 2008 ); however we did not find a significant relationship between serum insulin and Hsp27 concentrations in this study, and therefore our data do not indicate that insulin is a major determinant of serum Hsp27 in these groups of patients, although it may be a determinant of tissue levels of Hsp27. Hsp27 is constitutively expressed in many normal adult human tissues and different cell types including endothelial cells of the vasculature (Ciocca et al. 1993; Portig et al. 1996) . In endothelial cells, hyperglycaemia leads to increased intracellular glucose concentration since the glucose transport into these cells takes place by insulin-independent facilitated diffusion (Mueckler 1994) , and in vitro studies show that a high ambient glucose concentration leads to increased intracellular reactive oxygen species (ROS) formation in endothelial cells (Giardino et al. 1996) . When cells are unable to scavenge the ROS formed, the excess free radicals result in oxidative stress. In addition, it has been shown that when endothelial cells are exposed to oxidative stress in vitro, an increase in the expression of Hsp27 occurs (Dreher et al. 1995) . The generation of free radicals has also been shown to cause endothelial dysfunction in vitro (Tesfamariam and Cohen 1992) . The positive correlation between serum Hsp27 and 2-h post-glucose for the CVD groups is in line with the concept that the 2-h post-glucose concentration is an independent risk factor of CVD (Ceriello 2006) , which has been suggested to be due to oxidative stress generated after a meal.
In glucose-intolerant subjects with a history of CVD, hyperglycaemia may result in oxidative stress in the cells leading to the release of Hsp27 into the extracellular fluid and causing higher serum Hsp27 in these individuals (Liao et al. 2000; Vega et al. 2008) . Since both groups of GI subjects had comparable fasting and 2-h plasma glucose levels, one possible reason for the difference in serum Hsp27 concentration is that endothelial cells of GI subjects without CVD may not be exposed to oxidative stress due to the possible differences in antioxidant status (Bhatia et al. 2003; Atli et al. 2004; Ozdemir et al. 2005; Ceriello et al. 2000) .
Once released into the circulation, Hsp27 may be recognized by the immune system and elicit an autoimmune response. We have previously observed that the IgM class of antibodies reacts earlier to the released Hsp27 compared to the IgG antibodies, in patients with acute coronary syndromes. Serum IgM concentrations fell as did those of serum Hsp27, in samples taken 12 h post-event compared to samples taken at an earlier time point (unpublished work). This may be due to the formation of immune complexes that may facilitate the clearance of the released Hsp27. Over time, with repeated release of Hsp27, this rapid response would lead to consumption and fall in the level of these IgM antibodies in the circulation. In GI subjects with history of CVD who had higher serum Hsp27 compared to those without history of CVD, though significance was not reached, the lower level of IgM antibodies in the former group seems to support this scenario. The same trend of lower IgM was also observed in CVD patients who are normoglycaemic. With higher insulin levels at normal glucose level (compared to NGT without CVD) and insulin sensitivity indices similar to the glucose-intolerant subjects, NGT (+CVD) subjects probably have reduced hepatic insulin sensitivity but are normoglycaemic due to compensatory hyperinsulinaemia. Also, with significantly higher HbA1c values but comparable FPGs and 2hPGs, individuals with NGT (+CVD) may be exposed to periods of acute hyperglycaemia leading to oxidative stress (Marfella et al. 2001) , release of Hsp27 and consumption of IgM antibodies. The association of IgM and insulin level may be due to the acute response of both, whereby once insulin is secreted to lower the serum glucose concentration, the period of acute oxidative stress is over, Hsp27 is released into the extracellular fluid and consumption of IgM occurs. Higher insulin levels would be required to facilitate glucose disposal in insulin-resistant subjects, while the inverse is the case for insulin sensitive individuals and thus less consumption of antibodies and higher IgM level.
Sustained hyperglycaemia as in the glucose-intolerant subjects and release of Hsp27 may lead to further production of IgG antibodies, which are involved in the secondary adaptive immune response. Repeated exposure to released Hsp27 would lead to frequent production of the IgG antibodies and thus higher level of this antibody class in the circulation. Although only borderline significance was achieved, this trend was observed in glucose-intolerant subjects with CVD. The IgG class of antibodies can promote inflammation through the formation of immune complexes, which can activate Fc receptors on mononuclear cells (Ravetch and Clynes 1998) , and since atherosclerosis is a chronic inflammatory disease (Ross 1999) , the higher IgG levels may also be involved in the accelerated development of macrovascular complications in GI subjects.
In conclusion, this study further supports the concept of oxidative stress with hyperglycaemia and insulin resistance and the development of macrovascular complications associated with these conditions. Further studies using larger numbers of subjects are required to confirm these findings.
